ABSTRACT
INTRODUCTION
Cramer's 5 triester approach and successfully used it to synthesize the lactose operator of £. coli 6 . Recently, Itakura 7 has also used Narang's method for the synthesis of a gene for somatostatin. We have been interested in synthesizing oligonucleotides with modified nucleosides and modified diester linkages in specific positions. Such oligonucleotides can serve as pseudosubstrates in studies with both endonucleases and exonucleases. Our attempts to synthesize these compounds using the diester approach were unsuccessful since in diesters the presence of an unmasked phosphate anion competes with the phosphorylating reagent used to form the modified diester linkage. However, this complication would be completely eliminated if the triester method was used for the synthesis of such compounds. Moreover, the triester approach is rapid and allows large scale synthesis of oligonucleotides. For the synthesis of oligonucleotides of unusual structures, some modifications in Narang's present methodology are needed. Recently, we have modified and simplified Narang's two step procedure by combining both steps into one continuous reaction sequence 8 . This modification has proved to be of general application in oligonucleotide synthesis and oligonucleotides with and without modifications can be synthesized using this procedure. In this paper we wish to report on the synthesis of a self-complementary octanucleotide dG-G-T-T-A-A-C-C as an example to demonstrate the feasibility and efficiency of this method. The octanucleotide serves as a substrate for restriction endonuclease Hpa I and its interaction with the enzyme is currently under investigation 9 .
RESULTS AND DISCUSSION
The triester methodology of Narang 10 involves phosphorylation of the 3'-hydroxyl group of a 5'-protected nucleoside by p-chlorophenylphosphoditriazolide followed by treatment with cyanoethanol to give a nucleoside triester. The cyanoethyl group from the triester is selectively hydrolyzed by treatment with either NaOH 10 or Et 3 N in pyridine 11 . The diester thus obtained is activated with benzenesulfonyl tetrazole in the presence of a 3'-hydroxyl protected nucleoside to yield triester. In our hands, selective removal of the cyanoethyl group from the nucleoside triester was less than satisfactory under the conditions described by Narang. Nucleoside monoester (10-15%) and mononucleoside triester were the main contaminants present in the diester preparation. This problem can be avoided by coupling of these two steps of synthesis to eliminate the aqueous or nonaqueous base treatment step used for removal of the cyanoethyl group. A one step procedure for triester synthesis different from ours has recently been reported 12 . This procedure involves i£ situ formation of the methyl imidazolium diester which on treatment with several fold excess of incoming nucleoside yields triester. However, the procedure reported in this paper is novel, simple, requires 10-20% excess of the incoming nucleoside, and yields oligonucleotides of high purity.
For coupling these two step reactions into one, we have successfully used Narang's first step of phosphorylation of the 3'-hydroxyl group of a 5'-protected nucleoside by p-chlorophenylphosphoditriazolide (II, as shown in Figure 1 reacted slowly with cyanoethanol, it completely failed to react with the added nucleoside. This clearly suggests that the triazole moiety of the monotriazolide (III) is a poor leaving group and therefore either it must be converted into or replaced by a better leaving group. To effect this replacement, we have used arylsulfonic acid anion which forms a mixed phosphoricsulfonic anhydride on treatment with monotriazolide (III). That such a mixed anhydride is a very efficient phosphorylating reagent was shown by its ability to rapidly react with added cyanoethanol or a nucleoside to form a triester (IV). Presumably similar mixed anhydrides are formed during treatment of phosphodiesters with arylsulfonyl triazole or arylsulfonyl tetrazole. Such a modification in the existing triester methodology led to an overall increase in yield and decrease in time normally required to form a triester. By this approach a triester linkage can be formed within one and a half hours. In order to make this approach experimentally useful however, the following important points must be satisfied: (a) the initial 3'-phosphorylation reaction must proceed quantitatively; (b) further activation of the phosphorylated intermediate (III) and subsequent triester formation must be rapid and proceed without any side reactions; (c) products formed in the synthesis must be easily separated. We believe that the procedure described below meets these criterion. Quantitative phosphorylation was achieved by treating a 5'-protected nucleoside in pyridine with freshly prepared phosphorylating reagent (III) in THF. In most cases only 10% excess of the reagent(II) was sufficient to drive the reaction to completion within 30 min at room temperature. Efficient execution of this step is particularly important since separation of oligonucleotides differing by one or two nucleotides by silica gel column chromatography or by preparative tic becomes tedious and impractical. The 3'-phosphorylated nucleoside without isolation was further treated in pyridine with triethylammonium benzenesulfonate 23 (prepared in situ by adding equimolar amounts of benzenesulfonic acid and triethylamine in pyridine), and the amino protected nucleoside. Formation of triester was completed (>90%) within 30 min at room temperature as judged by quantitative thin layer chromatography. In our experience, 10% excess of the incoming nucleoside was sufficient to drive the reaction to greater than 90% completion. Separation of the reaction products was by moderate pressure (50 psi) silica gel column chromatography using CHC1 3 containing 1% Et 3 N as the solvent. The dinucleotides eluted around 4 to 6% methanol while the tetranucleotides required 6-8% methanol. The low recovery of the oligonucleoside triesters from the silica gel column led us to investigate the stability of nucleoside triesters in CHC1 3 -1% Et 3 N in the presence of silica gel. Our results clearly showed that under these conditions 10 to 15% of triesters were converted into diesters in 4 to 6 hr at room temperature. Recently Narang also found that Et 3 N in pyridine selectively removed the cyanoethyl group from the nucleoside triesters 11 . However, the Et 3 N catalyzed hydrolysis of triester to diester during column chromatography could be minimized by substituting Et 3 N by pyridine. Under these conditions the recovery of oligonucleoside triesters increased by 10-15%. As may be seen in Table 1 , the yields of the four isolated dinucleotides were in the range of 70-80% whereas the yields of the tetranucleotides were 60-70%.
Removal of dimethoxytrityl group at intermediate steps was achieved by treatment with benzenesulfonic acid in CHCl 3 -Me0H or CHCl 3 -n-butanol by following the procedure described by Narang and coworkers 10 . The detritylated products were sufficiently homogeneous for use in the next step and therefore were not purified further. The synthesis of the octanucleotide was carried out as outlined in Scheme 1. 
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SCHEME 1• Steps involved in the synthesis of octanucleotids (11).
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(1) and the isolated yields At each step of synthesis the oligonucleotides from (1) to (9) were completely deprotected and analyzed by thin layer chromatography, by their characteristic UV spectra, and by nucleoside and nucleotide analysis after snake venom and spleen phosphodiesterase hydrolysis (see Methods). As seen in Table II, oligomer (1.2%) whereas purified octanucleotide in Lane 2 was free from this impurity. However, it must be pointed out that some large oligomer (4%) was also present in both octanucleotide samples. Although the amount of this contaminant is small, its presence in the DEAE-cellulose purified octanucleotide suggests that for its removal a better resolving procedure such as chromatography on Ci 8 y bonded silica gel 16 is needed. For nucleotide sequence determination the labeled octanucleotide (DEAE-cellulose purified) was subjected to partial snake venom phosphodiesterase digestion to obtain a sequential population of all the oligonucleotides. The reaction mixture was examined by the two dimensional fingerprinting method (electrophoresis and homochromatography 17 . The deduced nucleotide sequence is shown in the insert of Figure 4 . The sequence was confirmed by the mobility shift analysis of Tu et a]_. 18 .
CONCLUDING REMARKS
The main accomplishment of the present work is that a time and effort saving procedure for the synthesis of deoxyribooligonucleotide has been described. Under the set of conditions described, oligonucleotides of greater than 90% purity can be synthesized rapidly and efficiently. The overriding question in chemical synthesis of oligonucleotides of average size is that of speed and convenience, and we believe that the present work has made a modest contribution toward this goal.
EXPERIMENTAL
Pyridine was treated with a small amount of chlorosulfonic acid before distillation, redistilled from sodium hydroxide, and stored over molecular sieves (4A). Tetrahydrofuran was refluxed over lithium aluminum hydride Snake venom and spleen phosphodiesterases were purchased from Worthington. T4-polynucleotide kinase was isolated by a modified procedure of Panet et^ aj_.
] 9 (32,000 units/mg). p-chlorophenylphosphodichloridate was prepared by the procedure of Cramer e_t ajh 20 . The 5'-dimethoxytritylatedamino protected nucleosides were prepared according to published procedure 22 .
Merck silica gel 60 F 2 SM and Brinkman cellulose UV 300 sheets were used for thin layer chromatography in the following solvent systems: A, CHCI3-EtOH General method for the synthesis and isolation of deoxvribooiiqonucleotide triesters. To a solution of 1,2,4-triazole (759 mg, 11.0 mmol) and triethyl amine (1.54 ml, 11.0 mmol) in anhydrous tetrahydrofuran (40 ml) was added p-chlorophenylphosphodichloridate (0.9 ml, 5.5 mmol). The reaction mixture was allowed to stand at room temperature for 10 min and then filtered. To this solution was added a previously dried pyridine solution of 5'-o-diemthoxytritylnucleoside (5.0 mmol). After 30 min at room temperature the reaction mixture was analyzed by silica gel tic in solvent B. Triester synthesis was carried out by adding to the above reaction mixture an anhydrous pyridine (15 ml) solution of benzenesulfonic acid (2.4 gm, 15.0 mmol) and triethylamine (2.1 ml, 15.0 mmol) followed by a pyridine (10 ml) solution of appropriately protected nucleoside (5.5 mmol). The total reaction mixture was then concentrated to 30 ml in vacuo. After 30 min to 1 hr at room temperature, the reaction mixture was analyzed by silica gel tic in solvents such as B, C and E. The reaction was terminated by cooling the reaction mixture in dry-ice-ethanol and adding NaHCO 3 (1M, 130 ml) followed by CHC1 3 (200 ml). The oligonucleoside triester was extracted in CHC1 3 (3x300 ml) and the organic phase was concentrated in the presence of pyridine. The residual gum was taken up in CHC1 3 (50 ml) containing 1% pyridine and chromatographed on the silica gel column (5.0 x 30 cm) preequilibrated with CHC1 3 -1 % pyridine, The column was developed under a pressure of 50 psi using a gradient of methanol (0-15%) in the same solvent and was monitored by tic. The fractions containing the required product were pooled and concentrated in the presence of pyridine. The product was isolated from the solvent by precipitation with hexane.
General method for deblocking of p-chlorophenyl and amino protecting groups. The oligonucleotide triester (10 mg) was dissolved in a mixture of concentrated aqueous NH 3 (d 0.88) in pyridine (1 ml; 2:1, v/v) and kept at . 36°C for 16 hr and then transferred to 50°C for further 6 hr treatment. The solution was cooled and concentrated _in vacuo. The product was analyzed by tic in solvents E, G and H.
General method for removal of dimethoxytn'tyl group. The procedure used for removal of dimethoxytrityl group was essentially the same as described by Narang and coworkers 10 except for larger oligonucleotides a mixture of chloroform-n-butanol (9:1: v/v) was used instead of chloroform-methanol (7:3; v/v). The final concentration of benzenesulfonic acid was 1» and the time of reaction was 5 to 10 min. After usual .workup as described by Narang and coworkers. the product was homogeneous in most cases as judged by tic and therefore was not purified further by silica gel chromatography. The product was directly isolated from the solvent by precipitation with hexane.
Synthesis of dinucleotide, d(Me 2 O)TribG(ClC 6 H.,)ibG (1). A mixture of 1,2,4-triazole(420 mg, 6 mmol) and triethylamine (0.81 ml, 5.8 mmol) in anhydrous tetrahydrofuran (20 ml) was treated with p-chlorophenylphosphodichloridate (0.35 ml, 2.2 mmOl). Phosphorylation of 5'-o-dimethoxytrityl-Nisobutyryldeoxyguanosine (1.47 gm, 2.0 mmol) was for 30 min at room temperature as described in General Methods. The second step of phosphorylation involved addition of an anhydrous pyridine solution (10 ml) of benzenesulfonic acid (948 mg, 6.0 mmol) and triethylamine (0.84 ml, 6.0 mmol) followed by a pyridine solution (10 ml) of N-isobutyryldeoxyguanosine (825 mg, 2.2 mmol). The total reaction mixture was concentrated to 12 ml and after 30 min was analyzed by silica gel tic in solvents B (Rf 0.32) and C (Rf 0.68). Termination and workup of the reaction mixture was as described in General Methods. The product was purified by silica gel column (2x35 cm) chromatography. The dinucleoside triester (1.92 gm, yield 78%) was eluted at 7% methanol in CHC1 3 -1% pyridine and was isolated from the solvent by precipitation with hexane.
Synthesis of tetranucieotide, d(Me 2 O)TrbzA(ClC 6 HjbzA(ClC6H.,)anC(ClC 6 H.,) anC (8) . To an anhydrous solution of 1,2,4-triazole (210 mg, 3.0 mmol) and triethylamine (0.31 ml, 3.0 mmol) in tetrahydrofuran (10 ml) was added pchlorophenylphosphodichloridate (0.183 ml, 1.1 mmol). After 15 min at room temperature, the reaction mixture was filtered and the filtrate was treated with an anhydrous solution of d(Me 2 O)TrbzA(ClC 6 H 1( )bzA (1.28 gm, 1.0 mmol) in pyridine (15 ml). The combined solution was concentrated to 10 ml and was kept at room temperature. After 30 min it was analyzed by silica gel tic. The second step of phosphorylation involved the addition of a pyridine solution (14 ml) of benzenesulfonic acid (474 mg, 3.0 mmol) and triethylamine (0.42 ml, 3.0 mmol) followed by a pyridine solution (10 ml) of danC(C!C 6 Hj anC (1.0 gm, 1.1 mmol). The total reaction mixture was concentrated to 10 ml and kept at room temperature for 1.0 hr. Silica gel tic of the reaction mixture in solvents B (Rf 0.21) and C (0.70) showed about 80% reaction. Termination and workup of the reaction mixture was as described in General Methods. The crude product was purified by silica gel column (2.0x40 cm) chromatography. The tetranucleoside triester(1.4 gm, 65%) was eluted at 8% methanol in CHC13-1% pyridine and was isolated from the solvent by precipitation with hexane.
Synthesis of dbzA(C!C 6 H lt )bzA(ClC 6 H.,)anC(ClC6H.,)anC (9). d(Me 2 O)TrbzA (CICeHjbzAtClCsHjanCfClCBHjanC (424 mg, 0.2 mmol) was dissolved in icecold CHC13-n-butanol (9:1, v/v; 20 ml) and was treated with an equal volume of 2% solution of benzenesulfonic acid in the same solvent. The reaction was terminated by adding ice-cold NaHCth (15 ml, 1M) and the organic phase was recovered and evaporated under vacuo. The product (340 mg, 0.18 mmol) was isolated from pyridine solution by precipitation into petroleum ether.
Synthesis of octanucleotide, d(Me 2 O)TribG(ClC 6 H.,)ibG(ClC6H.,)T(ClC 6 H. t ) T(C1C 6 H M )bzA(C1C 6 H.,)bzA(ClC6H l ,)anC(ClC 6 H^)anC (9) . To a solution of 1,2,4-triazole (25.2 mg, 360 ymol) and triethylamine (0.035 ml, 360 ymol) in anhydrous tetrahydrofuran (5 ml) was added p-chlorophenylphosphodichloridate (0.02 ml, 120 ymol). The solution was filtered after 10 min at room temperature and was treated with an anhydrous pyridine solution of d(Me 2 O)TribG (ClC6H ll )ibG(ClC 6 H 1( )T(ClC 6 H^)T (214 mg, 100 ymol). Phosphorylation was complete in 30 min as judged by tic in solvents B and C. The second step involved an addition of anhydrous pyridine solution (5 ml) of benzenesulfonic acid (57.0 mg, 360 ymol) and triethylamine (0.05 ml, 360 ymol) followed by a pyridine solution (5 ml) of dbzA(ClC G HjbzA(ClC 6 H. ) )anC(ClC 6 H 1( )anC (170 mg, 90 ymol). The total reaction mixture was concentrated to 2.0 ml and allowed to stand at room temperature for 1 hr. Analysis of the reaction mixture by quantitative silica gel tic in solvent D, (Rf 0.62)showed the formation of an octanucleotide in 70% yield. The reaction mixture was separated by preparative tic developed in solvent D. The octanucleotide was eluted from the tic with solvent D containing 2% pyridine in 65% (264 mg) yield.
Synthesis of dG-G-T-T-A-A-C-C. The octanucleotide triester(200 mg) was treated with concentrated ammonia (d 0.88) in pyridine (2 ml, 2:1 v/v) first at 36°C for 16 hr and then at 50°C for 6 hr. tic in solvents G and H showed one trityl positive spot. Ammonia was removed by concentration in vacuo and the residue was treated with pyridine-acetic acid-H 2 0 (2 ml, 3:14:1; v/v) for 2 hr at room temperature. The solution was concentrated to dryness rn_ vacuo at 20°C. The residue was dissolved in water (2 ml) and extracted with ethyl ether (3x10 ml). The aqueous layer was evaporated to dryness and a portion of this residue was dissolved in 7M urea (2 ml) and chromatographed on DE-23 cellulose in 7M urea. The elution pattern obtained is shown in Fig. 2 . The fractions containing the desired product were pooled and desalted by adsorption on DE-23 cellulose column. The product was eluted with 1M TEAB (2 ml) and lyophilized several times to remove TEAB.
Characterization of the Octanucleotide, dG-G-T-T-A-A-C-C (a) Polyacrylamide gel electrophoresis. The octanucleotide sample both unpurified and purified by DEAE-cellulose chromatography were phosphorylated with T4-polynucleotide kinase and [y-32 P]ATP (specific activity of ATP used was 1400 mCi/umol). The labeled oligonucleotides were analyzed by electrophoresis on 20% polyacrylamide gel in 7M urea as shown in Fig. 3 . (b) Nucleotide sequence determination. Partial digestion with snake venom phosphodiesterase was carried out in Tris-HCl (5 mM containing 5 mM inorganic phosphate and 2 mM MgCl 2 . pH 8.0) buffer using enzyme concentrations of 1000 pg/ml, 500 ug/ml, 100 yg/ml. Samples of oligonucleotides (5 pmol) containing 10 ug of yeast RNA were incubated with 2 pi solutions of each of the above concentrations of the phosphodiesterase in a total volume of 5 yl. After 30 min at room temperature, the samples of the three digests were combined into 10 pi of 10 mM EDTA and subjected to two dimensional fingerprint analysis. The fingerprint shown in Fig. 4 shows the oligonucleotide sequence of the octanucleotide.
